We propose a three-dimensional waveguide structure for the realization of modeselective switches, where the high-order spatial modes of a few-mode waveguide can be switched to various single-mode waveguides with thermo-optically controlled vertical asymmetrical directional couplers. To demonstrate the idea, we design and fabricate two specific devices with a polymer material for a waveguide that supports three spatial modes. The two devices differ in the application of the thermo-optic effect to deactivate or activate the directional couplers. For one device, the switching powers measured at the wavelength 1550 nm are lower than 20.6 mW and the switching times are shorter than 4.4 ms. The extinction ratios are higher than 15.6 dB across the C-band measured at fixed switching powers. For the other device, the switching powers measured at 1550 nm are lower than 22.6 mW, the switching times are shorter than 2.9 ms, and the extinction ratios are higher than 14.1 dB in the C-band. The performances of the devices are weakly sensitive to the polarization state of light. Our proposed mode-selective switches, which have a scalable configuration and require low power consumption, could be developed into various active mode-controlling devices for applications in reconfigurable mode-division-multiplexing networks.
Introduction
Mode-division multiplexing (MDM), where different spatial modes or mode groups in a few-mode fiber carry different signal channels, is a promising technology to expand the limited transmission capacity of a single-mode fiber [1] - [4] . Mode (de)multiplexers for spatially combining or separating the modes of a few-mode fiber are the key components in MDM systems and have been demonstrated with different waveguide structures and material systems (e.g., [5] - [17] ). Planar waveguide structures, such as horizontal directional couplers [5] and multimode interferometers [6] , however, can only (de)multiplex spatial modes that have the same symmetry in the vertical direction (e.g., the LP 01 and the LP 11a mode). They cannot (de)multiplex spatial modes that have opposite symmetries in the vertical direction (e.g., the LP 01 and the LP 11b mode). As such, these devices pose significant limitation on their application in fiber-based MDM systems, where the modes can have different symmetries in both the horizontal and the vertical direction. The mode-symmetry issue in the realization of mode-selective couplers has been analyzed in detail with fiber couplers [18] . One approach to solving this problem is to use a mode rotator to change the symmetry property of the problematic mode (e.g., to convert the LP 11b mode into the LP 11a mode) [7] , [8] . The mode rotator can be a carefully trenched waveguide [7] or an asymmetric long-period waveguide grating [8] . The other approach is to use three-dimensional (3D) structures [9] - [17] , such as fiber lanterns [9] , combined horizontal and vertical directional couplers [10] - [14] , all vertical directional couplers [15] , 3D waveguide branches [16] , and non-planar directional couplers [17] . As multilayer structures can be easily formed with polymer material, many of these 3D mode (de)multiplexers [12] - [17] are implemented with polymer waveguides. All the aforementioned devices are passive devices. For a reconfigurable MDM-based network that involves switching and routing of mode channels, however, active devices that can dynamically combine/separate the modes into/from the bus fiber are required. This paper reports mode spatial switches based on a 3D waveguide structure.
In general, a mode spatial switch can be implemented by connecting a passive mode demultiplexer to a single-mode switch matrix and such a bulk switch has been demonstrated for the operation of the LP 01 , LP 11a , and LP 11b modes with LiNbO 3 single-mode waveguide switches [19] . To improve compactness and stability, a number of integrated thermo-optic (TO) mode spatial switches have been reported, which exploit a wide range of waveguide structures and their combinations, such as directional coupler [20] , [21] , Mach-Zehnder interferometer [22] - [24] , multimode interference waveguide (MMI) [24] , microring resonator [25] , waveguide branch [22] , [26] , and longperiod grating [26] . These integrated mode spatial switches, however, are planar structures and cannot process modes with opposite symmetries in the vertical direction. Indeed, they have been demonstrated only for the operation of vertically symmetric modes. Recently, we have proposed a TO mode spatial switch based on the structure of two cascaded vertical asymmetric directional couplers and presented preliminary results on a specific design [27] . The device allows the LP 11a and LP 11b modes of a three-mode waveguide to be switched into two single-mode waveguides, respectively, by applying the TO effect to deactivate the two directional couplers, respectively [27] . In this paper, we present detailed results on the design, the fabrication, and the characterization of two devices, which differ in the application of the TO effect to deactivate or activate the vertical directional couplers. Both devices are fabricated with the same polymer material system. The device based on deactivating the directional couplers shows a switching power lower than 20.6 mW and a switching time shorter than 4.4 ms at the wavelength 1550 nm with extinction ratios higher than 15.6 dB across the C-band measured at fixed switching powers. The device based on activating the directional couplers shows a switching power lower than 22.6 mW and a switching time shorter than 2.9 ms at 1550 nm with extinction ratios higher than 14.1 dB across the C-band. The two devices have comparable performances, which are weakly sensitive to the polarization of light. Our proposed structure is scalable, as the number of switchable modes can be increased by increasing the number of vertical directional couplers. In fact, we have recently demonstrated a passive sixmode (de)multiplexer with five cascaded vertical directional couplers designed for operation in the C-band [15] . Our devices could be used as mode-adding switches in MDM systems, and also as mode-dropping switches in MIMO-free systems based on elliptical-core few-mode fibers [28] - [32] , where mode couplings among the spatial modes are weak.
Design of TO Mode Spatial Switches
The structure of our proposed device is shown in Fig. 1 , which consists of two cascaded vertical asymmetric directional couplers with a few-mode waveguide core (FMC) (Core 1) located in the lower layer and two single-mode waveguide cores (SMCs) (Core 2 and Core 3) located in the upper layer. All the cores are surrounded with the same cladding material. Two electrode heaters are deposited on the surface of the upper cladding to control the coupling efficiencies of the two directional couplers, respectively, which thus function as two TO switches (S1 and S2). In addition to design flexibility, the use of a vertical coupler allows a much larger temperature difference between the two cores produced by the electrode heater, which can lead to a lower switching power, compared with the use of a conventional horizontal directional coupler [19] . The FMC supports three spatial modes, the E 11 , E 21 , and E 12 modes, which correspond to the LP 01 , LP 11a , and LP 11b modes of a few-mode fiber, respectively [33] . The mode patterns are also shown in Fig. 1 . We should note that each spatial mode consists of two polarizations: the transverse-electric (TE) polarization for the mode with the major electric-field component parallel to the waveguide surface and the transverse-magnetic (TM) polarization for the mode with the major electric-field component perpendicular to the waveguide surface. When the refractive-index difference between the cores and the cladding is small, as in our case, the two polarization modes are almost degenerate.
We present two designs, Design I and Design II, which differ in the use of the TO effect to deactivate or activate the directional couplers. We analyze the modes of the devices with a fullvector finite-element method (COMSOL). The refractive indices of the core and the cladding material used in the design work are 1.569 and 1.559, respectively, which are the refractive indices of the polymer materials used in our fabrication work.
Design I
In Design I, the core sizes are so designed that they satisfy the phase-matching conditions when both heater switches are off, i.e., the effective indices of the E 11 modes in Core 2 and Core 3 match those of the E 12 and E 21 modes in Core 1, respectively. Here, we present a typical design. The dimensions of the two directional couplers are shown in Figs. 2(a) and (b), respectively. The heights of the FMC and the SMCs are fixed at 7.0 and 4.0 µm, respectively, and the vertical gap spacing between the FMC and the SMCs is 3.0 µm. The centers of Core 2 and Core 3 are offset from that of Core 1 by 8.6 and 7.3 µm, respectively. The widths of Core 1, Core 2, and Core 3 are 10.0, 3.0, and 5.4 µm, respectively. These waveguide parameters ensure that the effective indices of the E 11 modes in Core 2 and Core 3 match those of the E 12 and E 21 modes in Core 1, respectively, at the wavelength 1550 nm, as shown in Fig. 2(c) for the x-polarization. The results for the y-polarization are almost the same and, therefore, not shown in the figure. The lengths of the couplers required for maximum power transfer are determined with a 3D finite-difference beam propagation method (3DFD-BPM, RSoft). S-bends are applied to separate the SMCs and the FMC at both ends. The coupling lengths of the first and the second coupler are 3.75 and 3.80 mm, respectively. We ignore propagation loss and material dispersion in the simulation and the performance of the device is optimized at the wavelength 1550 nm. With this design, when both switches are turned off, the E 12 and E 21 modes launched into Core 1 are completely coupled to the E 11 modes in Core 2 and Core 3, respectively, while the E 11 mode launched into Core 1 stays in Core 1. When both switches are turned on, because of the TO effect, the refractive indices of all the cores decrease but those of Core 2 and Core 3 decrease more. As a result, the phase-matching conditions are no longer satisfied and all the modes launched into Core 1 stay in Core 1. In other words, the TO effect deactivates the couplers. When one of the switches is turned on, only one of the high-order modes is switched. The functions of this switch are summarized in Fig. 2(d) . To estimate the switching powers of the design, we apply the built-in electrode-heater model in the 3DFD-BPM and calculate the variations of the normalized output light powers with the applied electric power for the two switches, where the TO coefficient of the polymer material is taken to be −8.0 x 10 −5 /°C. The results for S1 and S2 obtained at 1550 nm are shown in Figs. 2(e) and (f), respectively. The electric powers required for S1 and S2 are estimated to be 10.4 and 10.6 mW, respectively, which are polarization-insensitive. These electric powers are set for the "on" states of S1 and S2.
The coupling strength of each directional coupler is characterized by the coupling ratio, which is defined as the output optical power from one port over the total output power from both ports. Assuming that only the E mn mode is launched into Core 1, the coupling ratios of the two directional couplers with the corresponding switch turned off and on, denoted as CR mn|O FF and CR mn|O N , respectively, with mn = 12 for the first coupler and mn = 21 for the second coupler, are given by
where P mn|O FF and P mn|O N are the output powers from the SMC intended for the E mn mode, i.e., Core 2 for mn = 12 and Core 3 for mn = 21, when the switch of concern is turned off and on, respectively, and P total|O FF and P total|O N are the total output powers from the two ports of the directional coupler when the switch is turned off and on, respectively. The calculated coupling ratios for the two directional couplers are shown in Figs. 3(a) and (b), respectively. In the C-band, CR 12|O FF and CR 21|O FF are higher than 96.9% (93.9%) and 97.9% (96.8%) for the TE (TM) polarization, respectively, while CR 12|O N and CR 21|O N are lower than 3.1% (6.1%) and 2.1% (3.2%) for the TE (TM) polarization, respectively. The effectiveness of a switch is characterized by the extinction ratio (in dB), which is the ratio of the output powers from the desired port of the directional coupler obtained at the "off" and "on" states of the switch, respectively. The extinction ratios of S1 and S2, denoted as E R mn with Fig. 3 . Design I: coupling ratios for (a) the first and (b) the second directional coupler when the corresponding switches are turned off or on; and (c) the extinction ratios of S1 and S2. mn = 12 for S1 and mn = 21 for S2, are given by
The calculated extinction ratios are shown in Fig. 3 (c). In the C-band, the extinction ratio of S1, i.e., ER 12 , is higher than 15.7 dB (17.9 dB) and that of S2, i.e., ER 21 , is higher than 17.3 dB (15.7 dB) for the TE (TM) polarization.
The first directional coupler, which is designed for the E 12 mode, should have little effect on the E 11 and E 21 modes propagating in Core 1. Our simulation results show that, in the C-band, the coupling from Core 1 to Core 2 with the E 11 mode or the E 21 mode launched into Core 1 is lower than -39 dB, regardless of the state of S1. Similarly, the second directional coupler, which is designed for the E 21 mode, should have little effect on the E 11 and E 12 modes propagating in Core 1. Our simulation results show that, in the C-band, the coupling from Core 1 to Core 2 with the E 11 mode launched into Core 1 is lower than -36 dB, while that with the E12 mode launched into Core 1 is lower than -28 dB, regardless of the state of S2. These results are polarization-insensitive. The unwanted coupling effects in the two directional couplers are negligible.
Design II
In Design II, the core dimensions are chosen so that the phase-matching conditions are sufficiently violated when the switches are turned off, but perfect phase matching can be resumed with the switches turned on. The major difference between Design I and Design II is the choice of the widths for Core 2 and Core 3. The dimensions of the two directional couplers are shown in Figs. 4(a) and (b), respectively. The widths of Core 2 and Core 3 are 3.5 and 6.4 µm, respectively, so that the effective indices of the E 11 modes of Core 2 and Core 3 are sufficiently different from those of the E 12 and E 21 modes of Core 1. The phase-matching conditions for this design are shown in Fig. 4(c) . With this design, the TO effect is used to activate the directional couplers, i.e., the input high-order mode is coupled to the corresponding output port only when the corresponding switch is turned on. The function of this device is summarized in Fig. 4(d) , which is the opposite of that of Design I shown in Fig. 2(d) , as far as the functions of the individual TO switches are concerned. The variations of the normalized output light powers with the applied electric power for S1 and S2 at 1550 nm are shown in Figs. 4(e) and (f), respectively. The electric powers required are estimated to be 10.6 and 10.8 mW for S1 and S2, respectively, which are set as the electric powers for the "on" states of the two switches.
The calculated coupling ratios of the fist and the second directional coupler, defined by Eq. (1), are shown in Figs. 5(a) and (b), respectively. In the C-band, CR 12|O FF and CR 21|O FF are lower than 1.1% (2.5%) and 2.1% (3.2%) for the TE (TM) polarization, respectively, while CR 12|O N and CR 21|O N are higher than 98.6% (97.5%) and 97.9% (96.8%) for the TE (TM) polarization, respectively. For this design, the extinction ratios of S1 and S2 are given by
The calculated extinction ratios are shown in Fig. 5(c) . In the C-band, the extinction ratio of S1, i.e., ER 12 , is higher than 17.0 dB (17.9 dB) and that of S2, i.e., ER 21 , is higher than 19.2 dB (17.6 dB) for the TE (TM) polarization.
Again, we can estimate the unwanted coupling effects in the two directional couplers by simulation. In the C-band, the coupling from Core 1 to Core 2 with the E 11 mode launched into Core 1 is lower than -32 dB, while that with the E 21 mode launched into Core 1 is lower than -28 dB, regardless of the state of S1. Similarly, in the C-band, the coupling from Core 1 to Core 2 with the E 11 mode launched into Core 1 is lower than -43 dB, while that with the E 12 mode launched into Core 1 is lower than -36 dB, regardless of the state of S2. These results are polarization-insensitive.
Device Fabrication
We followed the design parameters for Design I and Design II and fabricated the devices with the in-house microfabrication facilities. We used the polymer materials EpoCore and EpoClad (Micro Resist Technology GmbH) as the core and the cladding material, respectively. The refractive indices of these two materials, which were measured with a prism coupler (Metricon 2010) on thinfilm samples at the wavelength 1536 nm, were 1.569 and 1.559, respectively. The refractive-index difference between the TE and TM polarizations was smaller than 0.001 for both materials. The fabrication process is illustrated in Fig. 6 (a) and can be summarized as follows. First, the cladding material is spin-coated onto a silicon substrate to form a sufficiently thick (>15 µm) under-cladding. Second, the FMC is formed by spin-coating the core material onto the cured under-cladding and applying photolithography with a mask that defines the core pattern in the lower layer. The height of the core is trimmed to 7.0 µm by reactive-ion etching (RIE) after curing. Third, a middle cladding is spin-coated onto the core layer, which has a thickness of 10.0 µm after curing and RIE trimming. Fourth, SMCs are formed by spin-coating the core material onto the middle cladding and applying photolithography with a mask that defines the core pattern in the upper layer. The heights of all the SMCs are trimmed to 4.0 µm by RIE after curing. Fifth, the cladding material is coated onto the SMCs to form a 14 µm upper-cladding. Finally, a layer of chromium film (about 120 nm) is deposited onto the cured upper-cladding by plasmatic deposition (Desktop Pro, Denton Vacuum) and the electrode heater patterns are defined by photolithography with a mask and a positive photoresist (AZ 5206E). Figure 6(b) shows the patterned chromium film on the surface of a fabricated device and Fig. 6(c) shows an enlarged image of one of the electrode heaters. The width and the length of the electrode heater are about 20 µm and 2.0 mm, respectively. We fabricated a number of devices on the same substrate and the total length of the devices was about 27 mm. In the fabrication process, we made our best effort to control the baking and the curing conditions of the polymer materials to ensure that the refractive indices of the materials and the dimensions of the cores were as uniform as possible, not only within the same layer but also across different layers.
Device Characterization
To characterize the performances of the fabricated devices, we launched the E 11 mode into each core with a pigtailed tunable laser (KEYSIGHT) via a lensed fiber and measured the output powers from different cores with a power meter (Newport 2832-C) via a 40X objective lens. We also captured the output near-field images of the devices with an infrared camera. The measurement results of two typical devices for the two designs are detailed below.
Design I
Figure 7(a) shows an end face of a typical fabricated device for Design I and Figs. 7(b) and (c) show the output near-field images taken when the E 11 mode (at 1550 nm) was launched into the Fig. 7 . Design I: (a) photograph of an end face of a fabricated device; near-field images taken at 1550 nm when the E 11 modes were launched into Core 1, Core 2, and Core 3 (from top to bottom), respectively, with both S1 and S2 turned (b) off or (c) on; and measured variations of the normalized output powers at 1550 nm with the electric power applied to (d) S1 or (e) S2 for the TE and TM polarizations. three cores, respectively. As shown in Fig. 7(c) , when both S1 and S2 are turned off, the E 11 mode launched into Core 1 stays in Core 1, while the E 11 modes launched into Core 2 and Core 3 are almost completely coupled to the E 12 and E 21 modes of Core 1, respectively. As shown in Fig. 7(c) , when both switches are turned on, the E 11 modes launched into Core 1, Core 2, and Core 3 stay in the original cores. These results confirm the operation of the fabricated device as expected for Design I. Figures 7(d) shows the variations of the normalized output powers from Core 1 and Core 2 with the electric power applied to S1 (while keeping S2 off), when light was launched into Core 2. Figures 7(e) shows the variations of the normalized output powers from Core 1 and Core 3 with the electric power applied to S2 (while keeping S1 off), when light was launched into Core 3. As shown in Figs. 7(d) and (e), the electric powers required for effective switching with S1 and S2 are 15.9 (15.9) and 20.4 (20.6) mW, respectively, for the TE (TM) polarization. Because the distance of Core 2 from Core 1 is larger than that of Core 3 from Core 1, the temperature difference between Core 2 and Core 1 generated by S1 should be higher than that between Core 3 and Core 1 generated by S2 at the same electric power, which explains that the switching power of S1 is lower than that of S2. The butt-coupling losses between the waveguide cores and the lensed fiber are about 1.3, 1.1, and 0.8 dB for Core 1, Core 2, and Core 3, respectively. The propagation losses of the E 11 , E 12 , and E 21 modes along the FMC, measured for a reference FMC of the same dimensions by the cutback method, were ∼2.0, ∼2.7, and ∼2.3 dB/cm at 1550 nm. These losses are insensitive to the wavelength (within the C-band) and the polarization.
By launching the E 11 mode into Core 2 at the S2 end and measuring the output powers from Core 1 and Core 2 at the S1 end with S1 turned off and on, we were able to evaluate the coupling ratios and the extinction ratios of S1 for the E 12 mode from Eqs. (1) and (2) . Similarly, by launching the E 11 mode into Core 3 at the S1 end and measuring the output powers from Core 1 and Core 3 at the S2 end with S2 turned off and on, we were able to evaluate the coupling ratios and the extinction ratios of S2 for the E 21 mode from Eqs. (1) and (2) . For the "on" states of S1 and S2, the applied electric powers were set at 15.9 and 20.6 mW, respectively. The measured coupling ratios for the first and the second directional coupler are shown in Figs. 8(a) and (b) , respectively. In the C-band, CR 12|O FF and CR 21|O FF are higher than 96.1% (95.9%) and 97.1% (97.2%) for the TE (TM) polarization, respectively, while CR 12|O N and CR 21|O N are lower than 2.9% (3.1%) and 4.1% (4.4%) for the TE (TM) polarization, respectively. The measured extinction ratios of S1 and S2 are shown in Fig. 8(c) . In the C-band, the extinction ratio of S1, ER 12 , is higher than 17.1 dB (17.1 dB) and that of S2, ER 21 , is higher than 16.4 dB (15.6 dB) for the TE (TM) polarization. The wavelength with the highest extinction ratio could be tuned over the range from 1540 to 1560 nm by adjusting the electric power by about ±2 mw. These measurement results compare well with the simulation results shown in Fig. 3 and also confirm that the performance of the device is polarization-insensitive.
To characterize the insertion losses and the crosstalks of the first directional coupler, we launched the E 11 mode into Core 1, Core 2, and Core 3 at the S2 end with S2 turned off and measured the output powers from the three cores at the S1 end. The transmission spectra, i.e., the output powers 12 and ER 21 , measured with the electric powers for the "on" states of S1 and S2 fixed at 15.9 and 20.6 mW, respectively. Fig. 9 . Design I: transmission characteristics of the first directional coupler for (a) the TE polarization at the "off" state of S1, (b) the TM polarization at the "off" state of S1, (c) the TE polarization at the "on" state of S1, and (d) the TM polarization at the "off" state of S1, measured with S2 turned off.
from Core 1 and Core 2 normalized to the input power launched into the lensed fiber, are shown in Figs. 9(a) and (b) for the "off" state of S1 and in Figs. 9(c) and (d) for the "on" state of S1, where T i ,j denotes the transmission from the input Core j ( j = 1, 2, 3) to the output Core i (i = 1, 2) (including the fiber-waveguide coupling loss at the input end). The reason of launching light into Core 3 at the S2 end is to generate a pure E 12 mode in Core 1 through the second directional coupler (as it is difficult, in practice, to directly excite a pure E 12 mode from Core 1). At the "off" state of S1, the insertion loss and the crosstalk, given by T 1,2 and T 2,2 -T 1,2 , respectively, are lower than 9.5 dB (9.6 dB) and -17.2 dB (-17.1 dB), respectively, in the C-band for the TE (TM) polarization. At the "on" state of S1, the insertion loss and the crosstalk, given by T 2,2 and T 1,2 -T 2,2 , respectively, are lower than 9.2 dB (9.1 dB) and -15.8 dB (-15.7 dB), respectively, in the C-band for the TE (TM) polarization. The coupling between the E 11 modes of Core 1 and Core 2, i.e., T 2,1 -T 1,1 , is lower than -25.1 dB (-24.1 dB) when S1 is off, or lower than -23.4 dB (-23.1 dB) when S1 is on, for the TE (TM) polarization. The coupling between the E 21 mode of Core 1 and the E 11 mode of Core 2, i.e., T 2,3 -T 1,3 , is lower than -27.4 dB (-28.1 dB) when S1 is off, or lower than -26.1 dB (-24.4 dB) when S1 is on, for the TE (TM) polarization.
Similarly, to characterize the insertion losses and the crosstalks of the second directional coupler, we launched the E 11 mode into Core 1, Core 2, and Core 3 at the S1 end with S1 turned off and measured the output powers from the three cores at the S2 end. The transmission spectra from various output cores are shown in Figs. 10(a) and (b) for the "off" state of S2 and in Figs. 10(c) and (d) for the "on" state of S2, where T i ,j denotes the transmission from the input Core j (j = 1, 2, 3) to the output Core i (i = 1, 3) (including the fiber-waveguide coupling loss at the input end). The reason of launching light into Core 2 at the S1 end is to generate a pure E 21 mode in Core 1 through the first directional coupler. At the "off" state of S2, the insertion loss and the crosstalk, given by T 1,3 and T 3,3 -T 1,3 , respectively, are lower than 8.5 dB (8.8 dB) and -16.4 dB (-15.6 dB), respectively, in the C-band for the TE (TM) polarization. At the "on" state of S2, the insertion loss and the crosstalk, given by T 3,3 and T 1,3 -T 3,3 , respectively, are lower than 8.0 dB (8.3 dB) and -16.4 dB (-16.1 dB), respectively, in the C-band for the TE (TM) polarization. The coupling between the E 11 modes of Core 1 and Core 3 through the second directional coupler, i.e., T 3,1 -T 1,1 , is lower Fig. 10 . Design I: transmission characteristics of the second directional coupler for (a) the TE polarization at the "off" state of S2, (b) the TM polarization at the "off" state of S2, (c) the TE polarization at the "on" state of S2, and (d) the TM polarization at the "off" state of S2, measured with S1 turned off. than -24.4 dB (-25.1 dB) when S2 is off, or lower than -23.2 dB (-23.5 dB) when S2 is on, for the TE (TM) polarization. The coupling between the E 12 mode of Core 1 and the E 11 mode of Core 3, i.e., T 3,2 -T 1,2 , is lower than -23.2 dB (-23.1 dB) when S2 is off, or lower than -20.8 dB (-21.0 dB) when S2 is on, for the TE (TM) polarization.
As confirmed by these measurement results, the coupling effects for the unintended modes in both directional couplers are small. In other words, the switching of S1 has negligible effects on the output power from Core 3.
To measure the switching speeds of S1, we launched the E 11 mode into Core 2 and turned S1 on and off periodically with square waves while keeping S2 off. We measured the temporal response of the output optical power from Core1 with a photodetector (Newport 818-IR Detector) and an oscilloscope. The photodetector had a response time shorter than 2 µs. Similarly, to measure the switching speeds of S2, we launched the E 11 mode into Core 3, turned S2 on and off periodically while keeping S1 off, and measured the temporal response of the output optical power from Core 1. Figures 11(a) and (b) show the output waveforms from Core 1 at 1550 nm displayed on the oscilloscope for the operation of S1 and S2, respectively. For S1, the fall-time and the rise-time are 2.8 and 4.2 ms, respectively, while for S2, the fall-time and the rise-time are 4.0 and 4.4 ms, respectively. The response times are insensitive to the polarization. Figure 12 (a) shows an end face of a typical fabricated device for Design II and Figs. 12(b) and (c) show the output near-field images taken when the E 11 mode (at 1550 nm) was launched into the three cores, respectively. As shown in Fig. 12(b) , when both S1 and S2 are turned off, the E 11 modes launched into Core 1, Core 2, and Core 3 stay in the respective cores. As shown in Fig. 12(c) , when both S1 and S2 are turned on, the directional couplers are activated and the E 11 modes launched into Core 2 and Core 3 are coupled to the E 12 and E 21 modes in Core 1, respectively. These results confirm the operation of the fabricated device as expected for Design II. Figure 12(d) shows the variations of the normalized output powers from Core 1 and Core 2 at 1550 nm with the electric power applied to S1 (while keeping S2 off), when light was launched into Core 2. Figure 12 at 1550 nm with the electric power applied to S2 (while keeping S1 off), when light was launched into Core 3. As shown in Figs. 12(d) and (e), the electric powers required for effective switching with S1 and S2 are 18.3 (18.3) and 22.6 (22.4) mW, respectively, for the TE (TM) polarization. The butt-coupling losses between the waveguide cores and the lensed fiber are about 1.5, 1.1, and 0.9 dB for Core 1, Core 2, and Core 3, respectively, which are similar to those measured for Design I. The mode propagation losses of this device can be taken as the same as those of Design I, as the dimensions of the FMCs in both designs are the same.
Design II
We characterized this device in a similar way as for the previous one. To characterize the first directional coupler, we launched the E 11 mode into Core 1, Core 2, and Core 3 at the S2 end with S2 turned on and measured the output powers from the three cores at the S1 end. To characterize the second directional coupler, we launched the E 11 mode into Core 1, Core 2, and Core 3 at the S1 end with S1 turned on and measured the output powers from the three cores at the S2 end. For the present device, the "on" states of S1 and S2 correspond to applied electric powers of 18.3 and 22.6 mW, respectively.
The measured coupling ratios for the first and the second directional coupler are shown in Figs. 13(a) and (b), respectively. In the C-band, CR 12|O FF and CR 21|O FF are lower than 2.2% (6.6%) and 2.7% (5.1%) for the TE (TM) polarization, respectively, while CR 12|O N and CR 21|O N are higher than 94.5% (94.7%) and 96.2% (97.0%) for the TE (TM) polarization, respectively. The measured extinction ratios of S1 and S2 are shown in Fig. 13(c) . In the C-band, the extinction ratio of S1, ER 12 , is higher than 14.1 dB (15.2 dB) and that of S2, ER 21 , is higher than 14.5 dB (15.1 dB) for the TE (TM) polarization. These measurement results compare well with the simulation results shown in Fig. 5 and also confirm that the performance of the device is polarization-insensitive.
The transmission characteristics of the first and the second directional coupler are shown in Fig. 14 and Fig. 15 , respectively, where T i ,j is defined in the same way as for Fig. 9 and Fig. 10 . With reference to Fig. 14 , for the first directional coupler, the insertion loss and the crosstalk in the Fig. 14. Design II: transmission characteristics of the first directional coupler for (a) the TE polarization at the "off" state of S1, (b) the TM polarization at the "off" state of S1, (c) the TE polarization at the "on" state of S1, and (d) the TM polarization at the "off" state of S1, measured with S2 turned on. Fig. 15 . Design II: transmission characteristics of the second directional coupler for (a) the TE polarization at the "off" state of S2, (b) the TM polarization at the "off" state of S2, (c) the TE polarization at the "on" state of S2, and (d) the TM polarization at the "off" state of S2, measured with S1 turned on. C-band at the "off" state of S1, given by T 2,2 and T 1,2 -T 2,2 , respectively, are lower than 10.0 dB (10.5 dB) and -14.9 dB (-16.4 dB), respectively, for the TE (TM) polarization, and those at the "on" state of S1, given by T 1,2 and T 2,2 -T 1,2 , respectively, are lower than 10.4 dB (11.3 dB) and -14.1 dB (-15.2 dB) for the TE (TM) polarization. The coupling between the E 11 modes of Core 1 and Core 2, i.e., T 2,1 -T 1,1 , is lower than -17.8 dB (-18.0 dB) when S1 is off, or lower than -16.8 dB (-17.3 dB) when S1 is on, for the TE (TM) polarization, while the coupling between the E 21 mode of Core 1 and the E 11 mode of Core 2, i.e., T 2,3 -T 1,3 , is lower than -16.2 dB (-16.6 dB) when S1 is off, or lower than -15.8 dB (-15.2 dB) when S1 is on, for the TE (TM) polarization. With reference to Fig. 15 , for the second directional coupler, the insertion loss and the crosstalk in the C-band at the "off" state of S2, given by T 3,3 and T 1,3 -T 3,3 , respectively, are lower than 9.8 dB (10.0 dB) and -16.4 dB (-16.2 dB), respectively, for the TE (TM) polarization, and those at the "on" state of S2, given by T 1,3 and T 3,3 -T 1,3 , respectively, are lower than 10.5 dB (10.3 dB) and -14.5 dB (-15.2 dB), respectively, for the TE (TM) polarization. The coupling between the E 11 modes of Core 1 and Core 3, i.e., T 3,1 -T 1,1 , is lower than -21.9 dB (-19.7 dB) when S2 is off, or lower than -20.3 dB (-18.9 dB) when S2 is on, for the TE (TM) polarization, while the coupling between the E 12 mode of Core 1 and the E 11 mode of Core 3, i.e., T 3,2 -T 1,2 , is lower than -14.9 dB (-16.2 dB) when S2 is off, or lower than -15.3 dB (-14.2 dB) when S2 is on, for the TE (TM) polarization. The coupling effects for the unintended modes are small. The switching of S1 has negligible effects on the output power from Core 3. Figures 16(a) and (b) show the temporal responses for S1 and S2, respectively. For S1, the fall-time and the rise-time are 1.1 and 1.3 ms, respectively, while for S2, the fall-time and the risetime are 1.9 and 2.9 ms, respectively. The response times are insensitive to the polarization. As the switching powers of Design II are slightly higher than those of Design I, the response times of Design II are also slightly shorter. The response times of our devices are comparable to those of reported TO polymer-waveguide devices [34] , [35] .
Conclusions
We have demonstrated two designs of broadband mode-selective spatial switches based on the configuration of two cascaded TO-controlled vertical directional couplers (Design I and Design II), which differ in the application of the TO effect to deactivate or activate the directional couplers. For Design I, the switching powers of the two TO switches required are 15.9 and 20.6 mW, respectively, and the extinction ratios achieved at these switching powers are higher than 17.1 and 15.6 dB across the C-band, respectively. The switching times are shorter than 4.4 ms. For Design II, the switching powers of the two TO switches required are 18.3 and 22.6 mW, respectively, and the extinction ratios achieved are higher than 14.1 and 14.5 dB across the C-band, respectively. The switching times are shorter than 2.9 ms. The performances of the two devices are weakly sensitive to the polarization state. As shown by our simulation and experimental results, Design I and Design II have comparable performances. The two designs, however, offer different switching functions, as shown in Fig. 2(d) and Fig. 4(d) . For energy saving consideration, Design I should preferably be used in situations where spatial separation of the modes in different fibers (the demultiplexing state) is the normal state of the network and only occasional switching to combine modes into the bus fiber (the multiplexing state) is needed. On the other hand, Design II should preferably be used in situations where propagation of all the modes in the bus fiber (the multiplexing state) is the normal state of the network and only occasional switching to add or drop modes from the bus fiber (the demuliplexing state) is needed. Our devices can also function as dynamic power distributors of modes by continuous control of the electric powers applied to the electrode heaters, which could be used, for example, as dynamic mode-dependent loss compensators. It should be possible to further increase the bandwidths of the switches by using tapered directional couplers, but the switching powers required would be higher. Our proposed mode-switching platform has the potential to be exploited for the development of a wide range of active mode-controlling devices for various applications in MDM networks, such as system protection, system testing, system reconfiguration, remote optical provisioning and restoration, etc.
